A carbon-paste electrode for dicyclomine hydrochloride (DcCl) was prepared and fully characterized in terms of composition, life span, usable pH range and temperature. The electrode was applied to the potentiometric determination of dicylominium ion in its pure state and in pharmaceutical preparations in batch and flow injection conditions and in biological fluids using standard additions method. The electrode is based on a mixture of two ion-exchangers, namely, dicyclominium-phosphomolybdate and dicylominium-tetraphenylborate, dissolved in dioctyl phthalate as pasting liquid. The modified electrode showed a near-Nernstian slope of 58 ± 2 mV over the concentration range of 1.2 × 10 -5 -1.6 × 10 -2 M with an average recovery of 97 -102% and a RSD of 0.090 -1.00. The electrode exhibits good selectivity for DcCl with respect to a large number of inorganic cations, sugars, amino acids and organic substances of biological fluids. Potentiometric titrations of DcCl with several titrants have been monitored using this modified carbon paste electrode as an end-point indicator electrode.
Introduction
Chemically modified carbon paste electrodes (CMCPEs) have been successfully applied as potentiometric sensors for determination of various species. 1 Most of these electrodes are based on the ion-exchange mechanism of the active component incorporated into the carbon paste matrix. These electrodes offer very attractive properties for the electrochemical investigation of various inorganic and organic species.
In comparison with ion-selective electrodes based on polymeric membranes, CMCPEs possess advantages of ease of preparation, ease of regeneration, and very stable response in addition to the very low ohmic resistance 2, 3 which is probably due to the formation of a very thin film of the pasting liquid coated onto small particles of carbon powder. 4, 5 Therefore, CMCPEs have found direct application in a variety of analytical situations, such as amperometry [6] [7] [8] [9] and voltammetry, 10, 11 in addition to potentiometry. 12, 13 Dicyclomine hydrochloride, 2-(diethylamino)ethylbicyclohexyl-1-carboxylate hydrochloride [67-92-5] , is an antispasmodic and anticholinergic drug, a medication that reduces the effect of acetylcholine on smooth muscles. Dicylomine is used to treat or prevent spasms in the muscles of the gastrointestinal tract in the irritable bowel syndrome.
Dicyclomine hydrochloride has been determined by several techniques including spectrophotometry, [14] [15] [16] TLC, 17 gas chromtography, 18, 19 and NMR. 20 In an earlier paper, 21 the ion selective electrode response to several drugs including chlorpromazine, dicyclomine, imipramine, desiparamine and propranolol hydrochlorides was described. The electrode is based on using a modified PVC membrane which has ionic end-groups as ion-exchange sites and which was cast using a solid polymeric plasticizer.
This work describes the construction, potentiometric characterization, and analytical application of a novel dicyclomine-chemically modified carbon paste electrode (Dc-CMCPE) based on the use of dicylominium-phosphomolybdate and dicyclominium-tetraphenylborate ion-exchangers as electroactive materials and dioctyl phthalate (DOP) as plasticizer.
Experimental

Reagents and solutions
Dicyclomine (Misr Co. for Pharm. Ind. S.A.E., Cairo, Egypt) stock solution was prepared to contain 0.01 M dicyclomine hydrochloride and was standardized against standard NaOH solution. 22 The pharmaceutical preparations containing DcCl (spasmorest, tablets and ampoules) were obtained from local drug stores. Graphite powder, dibutyl phthalate (DBP), dioctyl phthalate (DOP), dibutyl sebacate (DBS), tricresyl phosphate (TCP) and diisononyl phthalate (DINP) were used as received from Aldrich.
Aqueous solutions of silicotungstic acid (STA), silicomolybdic acid (SMA), phosphotungstic acid (PTA), phosphmolybdic acid (PMA) and sodium tetraphenylborate (Na-TPB) (all in concentrations of 0.01 M) were prepared from materials of analytical grade purity. The exact concentrations of these solutions were determined by the appropriate recommended methods. [23] [24] [25] Deionized and distilled water was used throughout. prepared including dicyclominium silicotungstate (Dc-ST), silicomolybdate (Dc-SM), phosphotungstate (Dc-PT), phosphomolybdate (Dc-PM) and tetraphenylborate (Dc-TPB). The ion-exchangers were prepared by adding 100 ml of 10 -2 M DcCl hot solution to the appropriate volume of 10 -2 M solution of STA, SMA, PTA, PMA, or Na-TPB.
The formed precipitates were filtered off, washed thoroughly with distilled water, dried at room temperature and ground to fine powders.
Preparation of the electrode
A Teflon holder (12 cm length) with a hole at one end (7 mm diameter, 3.5 mm deep) for the carbon paste filling served as the electrode body. Electrical contact was made with a stainlesssteel rod through the center of the holder. This rod can move up and down by screw movement to press the paste down when renewal of the electrode surface is needed. Modified carbon paste was prepared by mixing weighed amounts of Dc-PM, Dc-TPB and high purity graphite with acetone. The mixture was homogenized, left at room temperature to evaporate acetone, and then the impregnated carbon powder was added to a weighed amount of DOP. Very intimate homogenization is then achieved by careful mixing in a mortar and afterwards rubbed by intensive pressing with a pestle. The ready-prepared paste is then packed into the hole of the electrode body. The carbon paste was smoothed onto paper until it had a shiny appearance and was used directly for potentiometric measurements without preconditioning requirements.
Apparatus
The potentiometric measurements in batch mode were carried out with a Jenway 3010 digital pH/mV meter.
A Techne circulator thermostat Model C-100 (Cambridge, England) was used to control the temperature of the test solution. A WTW packed saturated calomel electrode (SCE) was used as an external reference electrode.
The flow injection setup was composed of a four channel peristaltic pump (Ismatec, ISM 827, Zurich, Switzerland) and an injection valve Model 5020 with exchangeable sample loop from Rheodyne (Cotati, CA, USA). The electrodes were connected to a WTW micro-processor pH/ion meter mPX 2000 (Weilheim, Germany) and interfaced to a strip chart recorder Model BD111 from Kipp and Zonn (Deflt, Netherlands).
A wall-jet cell, providing low dead volume, fast response, good wash characteristics ease of construction and compatibility with electrodes of various shapes and sizes, was used in flow measurements. A Perspex cup with axially positioned inlet polypropylene tubing is mounted at the sensing surface of the electrode body. The optimized distance between nozzle and the sensing surface of the electrode was 5 mm; this provides the minimum thickness of the diffusion layer and consequently, a fast response. The ion-selective electrode with flow cup, reference electrode (SCE) and the outlet tube were placed in a beaker, where the level of solution was kept 1 cm above the electrode surface.
Selectivity
The selectivity coefficient -log K pot Dc,J Z+ of the electrode towards different cationic species, sugars and amino acids in batch conditions were determined by the matched potential method. 26 In FIA conditions, the separate solution method 27 was applied, since mixed solution methods, in this case, are time consuming due to the needs to prepare many solutions and perform many steps.
Potentiometric determination of DcCl
The standard additions method 28 was applied, in which small increments of standard DcCl solution (10 -1 M) were added to 50 ml aliquot samples of various concentrations from pure drug or sample solution equivalent to 3.46 -34.6 mg DcCl in water. The change in potential at (25 ± 0.1˚C) was recorded for each increment and these data were used to calculate the concentration of DcCl in the sample solution.
Determination of DcCl in Spasmorest tablets
The contents of 10 tablets of Spasmorest were powdered and an accurately weighed portion equivalent to 200 mg was mixed with 50 ml doubly distilled water, shaken in a mechanical shaker (Burrell Corp.) for about 24 h and then filtered into a 100 ml volumetric flask. The solution was completed to the mark with doubly distilled water and the container was shaken. Different volumes of the solution (1.0 -5.0 ml) were taken and subjected to the standard additions method.
Determination of DcCl in biological fluids
Different concentrations of DcCl (3.46 -34.6 mg) and 1 ml plasma, 5 ml urine or 10 ml humanized cow milk were transferred to a 100 ml beaker, diluted to 50 ml with water, then subjected to the standard additions method.
Potentiometric titration
An aliquot of DcCl, pure or ampoule solutions, containing (3.46 -51.9 mg) DcCl was transferred into a 100 ml beaker, diluted to approximately 50 ml with distilled water and then titrated against a standard solution of STA, SMA, PTA, Na-TPB or NaOH using the prepared Dc-CMPCE as indicator electrode. The end points were determined from the S-shaped curve by first and second derivative plots. The emf jumps at the vicinity of the end points amount to approximately 80 mV in case of titrating 3.46 mg DcCl and increase gradually as the titrated amounts of DcCl increase, reaching 220 mV on titrating 51.9 mg DcCl. This reflects a very high degree of completeness of the titration reactions.
Results and Discussion
Composition and characteristics of the electrode
Preliminary experiments showed that carbon-paste electrodes which do not contain an ion-associate modifier have no response towards dicyclomine. For this purpose, the ionassociates of Dc-ST, Dc-SM, Dc-PT, Dc-PM and Dc-TPB were prepared and investigated as modifiers for the present electrode. The sensitivity and linearity for a given CMCPE depend significantly on the amount of the modifier in the paste composition. Thus, the influence of the amounts of the different dicyclominium ion-associates and several binary mixtures of these ion-associates in the carbon paste were investigated. The amounts of carbon powder and plasticizers were kept constant in each electrode, while the proportions of the modifiers were changed.
The slopes given by the electrodes containing different percentages of single ion-exchanger were found not to exceed 47 mV/concentration decade.
While better, stable and reproducible results were obtained with electrodes modified by different proportions of binary mixtures of the Dc-ion exchangers.
It is reported that the response characteristics of carbon-paste electrodes are largely affected by the nature of the plasticizer used. [29] [30] [31] [32] Thus, in the present work, we examined the influence 912 ANALYTICAL SCIENCES JUNE 2004, VOL. 20 of the plasticizer type and the concentration on the characteristics of the electrode using five plasticizers with different polarities, including DBP, DOP, DBS, TCP and DINP.
As is quite obvious from the emf-pDc plots (Fig. 1) , the use of DOP results in a Nernstian linear plot over a wide concentration range, whereas in the case of other solvent mediators, the slopes of the potentiometric response are much different from the expected Nernstian value of 59.5 mV/concentration decade, although over a limited concentration range. It seems that DOP, as a low polarity compound (D.C. = 5.1) among the plasticizers investigated, provides more appropriate conditions for incorporation of the highly lipophilic ionassociate modifiers. Therefore, we used DOP as a suitable plasticizer for further studies.
An electrode modified by 2.5% (w/w) of Dc-PM and 2.5% Dc-TPB with 46% DOP as plasticizer has a slope of 58 mV/concentration decade and a wide range of linearity, amounting to 1.2 × 10 -5 -1.6 × 10 -2 M. This electrode was chosen in this study and its electrochemical performance characteristics in both batch and FIA conditions were systematically evaluated according to IUPAC recommendations. 33 Results are given in Table 1 .
The repeatability of the potential reading of the electrode was examined by subsequent measurements in 1 × 10 -3 M of DcCl solution immediately after measuring the first set of solution at 
Effect of temperature
Calibration 34 and found to be (0.00017 V/˚C). This value indicates fairly high thermal stability of the electrode within the temperature range investigated and shows no deviation from the theoretical Nernstian behavior.
Optimization of FIA response
The dispersion coefficient in the FIA system used in measurements was found to be 1.8, i.e. limited dispersion that aids optimum sensitivity and fast response on the electrode.
Injection volume
Samples of different volumes (9.4 -500 µl) were injected. In general, the higher the sample volume, the higher peak heights and longer residence times of sample at the electrode surface; the sample requires a longer time to reach a steady state and higher consumption of the sample occurs. 35 A sample loop of size 339 µl was used throughout this work, giving approximately 90% of the maximum peak height obtained by a 500 µl loop, but with a shorter time to reach the base line and less consumption of samples.
Effect of flow rate
The dependence of the peak heights on flow rate and the time to recover the baseline were studied where the response of the electrode to a 10 -3 M DcCl solution was studied at different flow rates (4.15 -27 ml/min). With a constant injection volume, the residence time of the sample is inversely proportional to the flow rate and the recovery time increases linearly with residence time of the sample at the active electrode surface. 36 It was found that, as the flow rate increased, the peaks become higher and narrower until a flow rate of 17.85 ml/min is reached, where the peaks obtained at higher flow rates are nearly the same. This flow rate was used through this work, providing approximately 99% of the maximum peak height obtained by higher flow rates, a short time to reach the baseline and less consumption of the carrier. Figure 2 shows a representative plot for the recording and the calibration graph obtained for Dc-CMCPE at optimum FIA conditions.
Electrode response in FIA
In protentiometric detection, the electrode potential depends on the activity of the main ion sensed. It is considered as a principal advantage of this detection that in flow measurements the dependence is semi-logarithmic over a wide analyte activity range according to the Nickolsky-Eisenman equation. But the main unfavorable feature of this detection is the slow response of electrode potential to concentration change; this is pronounced when low concentrations are measured and depends on the state of the electrode surface at the interface with the measured solution. 37 This slow response is a quite good reason for the super-Nernstian sensitivities observed in FIA measurements using the investigated electrode at different flow rates. An increase in the slope of the calibration plots in FIA was observed compared to batch measurements, where potential is measured in conditions very close to the equilibrium at electrode solution infterface. 38, 39 The slopes of the calibration graphs ranged from 67 ± 2 mV at FIA, compared to 58 ± 2 mV/concentration decade in batch conditions. The usable concentration range of the electrode in FIA is from 6.3 × 10 -5 to 1.6 × 10 -2 M, which is slightly smaller than that in batch mode; this is mainly due to the difference in dispersion coefficient in the two techniques.
Effect of pH
The effect of the pH of the test solution on the electrode potentials was studied in batch and FIA measurements. In batch measurements, the variation in potential with pH change was followed by the addition of small volumes of (0.1 -1 M) of HCl or NaOH to different concentrations of DcCl solutions, while in FIA, a series of solutions of concentrations that are 10 -3 -10 -5
M DcCl and have pH values ranging from 1 to 6 were injected in the flow stream; then the peak heights, representing variation of potential response with pH, were measured. As can been seen from the results shown in Fig. 3 , the potential variation due to pH change is considered acceptable in the pH range 2.5 -6 in both batch and FIA conditions for DcCl solutions of concentration ≥ 10 -4 M. For solutions of concentrations less than 10 -4 M of DcCl, one can conclude that the suitable pH range for the best electrode response is 4.5 -6.
Nevertheless, at pH values lower than 2.5, the potential obviously increases, which can be related to interference of hydronium ion, while the decrease that takes place at pH values higher than 6 is most probably attributed to the formation of the free dicyclomine base in the test solution.
Selectivity of the electrode
The influence of some inorganic cations, sugars and amino acids on the Dc-CMCPE was investigated. In FIA conditions, the values of selectivity coefficient were calculated based on potential values measured at the top of the peaks for the same concentrations of the drug and the interferent, while in the batch conditions, the matched potential method was applied. 26 Among the different mixed solution methods, the matched potential method is unique in that it depends neither on the Nicolsky-Eisenman equation nor on any of its modifications. This method was recommended in 1995 by IUPAC as a method that gives analytically relevant practical selectivity coefficient values. 40 In this method, the potentiometric selectivity coefficient is defined as the activity ratio of primary ions and interfering ions that give the same potential change under identical conditions. At first, a known activity (áDc) of the primary ion (dicyclominium ion) solution is added into a reference solution that contains a fixed activity (aDc) of primary ions, and the corresponding potential change (∆E) is recorded. Next, a solution of an interfering ion is added to the reference solution until the same potential change (∆E) is recorded. The change in potential produced at the constant background of the primary ion must be the same in both cases.
where aJ is the activity of the added interferent.
The selectivity coefficients of the electrode in Table 2 reflect a very high selectivity of the investigated electrode for the dicyclominium cation. The inorganic cations, sugars, amino acids and urea do not interfere because of differences in ionic size, mobility and permeability.
Comparing the selectivity coefficients obtained for the investigated electrode in both batch and FIA conditions reveal that, in most cases, the electrode was more selective in FIA than in batch measurements. This is interpreted by what was shown earlier for solid state electrodes: that apparent selectivity coefficients measured in transient flow injection conditions may differ significantly from those measured in batch conditions. 41, 42 This is due to the difference in time of interaction of interferent with the electrode surface. This difference increases with the increase of interaction of interferent with the electrode in comparison to the main sensed ion; also, the interference process is highly dependent on the rate of diffusion and the exchange reaction of the interfering ion. 43 Therefore, in FIA measurements, where the sample remains in contact with the electrode for a short period of time, the apparent selectivity should be different from that found in batch conditions.
Analytical applications
The investigated Dc-CMCPE was found to be useful in potentiometric determination of DcCl in pure solutions, ampoules or tables by direct potentiometry or potentiometric titration. In contrast to direct potentiometry, the potentiometric titration technique usually offers the advantage of high accuracy and precision, although at the cost of increased consumption of titrants (which is, of course, not so serious). A further advantage is that the potential break at the titration end-point must be well defined, but the slope of the sensing electrode response need be neither reproducible nor Nernstian and the actual potential value at the end points is of secondary interest. Corresponding titration curves showed a welldeveloped titration peak of about 220 mV, Fig. 4 . Analogous results were obtained when solutions of dicyclomine pharmaceutical preparations (ampoules or tablets) were titrated. Clinical pharmacological studies indicated that DcCl is rapidly absorbed after oral administration in humans, reaching peak values within 60 to 90 min. The principle route of elimination is via the urine (79.5% of the dose). 44 It was stated also that dicyclomine is execrated into breast milk. For these reasons DcCl was determined in plasma, urine and humanized cow milk samples spiked with known amounts of DcCl. The standard additions method was applied for determination of [Dc + ] in these real samples to overcome the matrix effects.
In FIA conditions, a series of solutions of different concentrations were prepared from DcCl ampoules. The peak heights were measured, and then compared to those obtained from injecting a standard solution of the same concentration prepared from pure DcCl.
The results of applying the above methods are shown in Tables 3 and 4 ; they are in good agreement with the results obtained from the official method 22 based on the potentiometric titration of DcCl with standard NaOH solution.
Statistical treatment of results
The results obtained from the potentiometric determination of the drug in batch (using the standard additions method and potentimetric titration) and in FIA conditions were subjected to linear regression analysis (found values vs. taken), using computer program Excel-2000, in order to establish whether the investigated electrode exhibits any fixed or proportional bias. The slopes and intercepts of the regression lines did not differ significantly from the ideal values, revealing the absence of a systematic error during the measurements within the investigated concentration range.
Also the values were compared with the results obtained from the official method 22 by applying F-test. 45 The values obtained (Table 3) show that the present method is of comparable precision to that of the official method and there is no significant difference between the mean values obtained by both methods. 
Conclusions
The proposed chemically modified carbon paste electrode based on Dc-PM and Dc-TPB ion exchangers as the electro-active compounds might be a useful analytical tool and an interesting alternative for the determination of [Dc + ] in different real samples. The present electrode shows useful sensitivity, reasonable selectivity, a fast static response, long-term stability and applicability over a wide pH range with minimal sample pretreatment, compared with many of the previously described procedures. The reported methods of determination are simple, more expeditious and of easy implementation in a routine fashion.
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